In order to study particle phagocytosis and glycogenolysis simultaneously, this study was designed to develop a direct-read-out method to monitor Kupffer-cell function continuously, based on the uptake of colloidal carbon by the isolated perfused rat liver. Livers were perfused for 20 min with Krebs-Henseleit buffer saturated with 02/C02 (19: 1). Colloidal carbon (1-2 mg/ml) was added to the buffer, and absorbance of carbon was monitored continuously at 623 nm in the effluent perfusate. Since colloidal-carbon uptake was proportional to A623, rates of uptake were determined from the influent minus effluent concentration difference, the flow rate and the liver wet weight. Rates of colloidal-carbon uptake were 50-200 mg/h per g and were proportional to the concentration of carbon infused. Data from light-microscopy and cell-separation studies demonstrated that carbon was taken up exclusively by non-parenchymal cells and predominantly by Kupffer cells. Further, the amount of colloidal carbon detected histologically in nonparenchymal cells increased as the concentration of colloidal carbon in the perfusate was elevated. When Kupffer cells were activated or inhibited by treatment with endotoxin or methyl palmitate, carbon uptake was increased or decreased respectively. Taken together, these results indicate that Kupffer-cell function can be monitored continuously in a living organ. This new method was utilized to compare the time course of phagocytosis of carbon by Kupffer cells and carbohydrate output by parenchymal cells. Carbohydrate output increased rapidly by 69 + 9,tmol per g within 2-4 min after addition of carbon and returned to basal values within 12-16 min. However, carbon uptake by the liver did not reach maximal rates until about 15 min. Infusion of a cyclo-oxygenase inhibitor, aspirin (10 mM), caused a progressive decrease in carbohydrate output and blocked the stimulation by carbon completely. Aspirin neither altered rates of carbon uptake nor prevented stimulation of carbohydrate release by addition of N2-saturated buffer. The data from these experiments are consistent with the hypothesis that output of mediators by Kupffer cells, presumably prostaglandin D2 and E2, occurs transiently as Kupffer cells begin to phagocytose foreign particles in the intact organ, a process which continues at high rates for hours.
INTRODUCTION
Non-parenchymal cells comprise [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] % of the total cell number and 15 00 of the volume of the liver. Of these, approximately one-third are Kupffer cells, one-third endothelial cells and one-third fat-storing cells (Bouwens et al., 1986) . Kupffer cells have long been known to play an important role in phagocytosis of foreign particles. More recently they have been shown to produce a wide variety of extremely potent pharmacological agents. For example, these resident macrophages undergo an oxidative burst during phagocytosis which leads to the production of toxic oxygen radicals. In addition, Kupffer cells produce a wide variety of chemical mediators which can kill other cells, including interferon, interleukin I, proteolytic enzymes and tumour necrosis factor (Nolan, 1981; Michie et al., 1988) . Kupffer cells also synthesize leukotrienes and prostaglandins, which are important in mechanisms of cell movement and attachment (Nolan, 1981; Keppler et al., 1985) , and in regulation of parenchymal-cell function (Michie et al., 1988; Casteleijn et al., 1988a) . Activation of Kupffer cells with endotoxin leads to an increase in cell size and number oflamellipodia (Nolan, 1981) and marked alterations in hepatic microcirculation (McCuskey et al., 1983) .
Carbon particles are taken up by Kupffer cells (Triarhou & del Cerro, 1985) . Colloidal carbon is often used to monitor phagocytic cell function, since 90 % is taken up by the liver after injection in vivo (Triarhou & del Cerro, 1985; Matsuo et al., 1985; Di Luzio, 1970) . Much of the valuable information we have about Kupffer-cell function comes from histological studies; however, data collection is often inefficient with such techniques. The purpose of the present study was therefore to develop a direct-read-out method to monitor Kupffer-cell function continuously, based on the uptake of colloidal carbon by the isolated perfused rat liver, so that particle phagocytosis and glycogenolysis could be compared. Preliminary accounts of this work have appeared elsewhere (Thurman et al., 1989) .
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METHODS Preparation of colloidal carbon
A suspension of colloidal carbon was prepared by dialysing 25-30 ml of India ink ('Pelikan' black no. 17; Pelikan, Hannover, Germany) against distilled water for 48 h, by using a Spectrapor semi-permeable membrane with a 12000-14000-Mr exclusion cut-off (Spectrum Medical Industries, Los Angeles, CA, U.S.A). The suspension was stored at 4°C for up to 1 month before use. On the day of the experiment, 6-7 ml of this stock solution was diluted in 4 litres of Krebs-Henseleit (1932) buffer, yielding A623 of approx. 2.
Liver perfusion and metabolite measurement
Livers from fed female Sprague-Dawley rats (175-250 g) were perfused at 37°C with haemoglobin-free Krebs-Henseleit bicarbonate buffer as described by Scholz et al. (1973) (Bergmeyer, 1988) .
Histological procedures
Tissues were fixed by perfusion with 2 % paraformaldehyde/2 % glutaraldehyde in Krebs-Henseleit buffer, embedded in paraffin, and processed for lightmicroscopy. Sections were stained with eosin so that colloidal carbon could be identified easily. Intensity of carbon staining was scored on an arbitrary 1-10 scale.
Electron microscopy
For scanning electron microscopy, livers fixed as described above were cut into 1 cm cubes and placed overnight in cold secondary fixative containing 2 % glutaraldehyde and 0.1 M-sodium phosphate buffer, pH 7.4. The tissue was then washed in water, dehydrated in 2,2-dimethoxypropane, and critical-point dried in CO2. The dried tissue was cut manually with a razor blade, mounted on an aluminium stub, coated with gold/ palladium with a sputter evaporator, and viewed in a JEOL 820 scanning electron microscope (Lemasters et al., 1983 (Gores et al., 1988) of the procedure of Seglen (1976 Carbon uptake by nucleated cells was evaluated in cytosmears stained with haematoxylin. Colour micrographs were made at magnification x 1000, and carbon uptake by nucleated cells in 9-11 fields was scored independently by three of the authors for each of the fractions. Carbon uptake was also evaluated in wet mounts. Cells were incubated with 300 ,M-digitonin and 10 ,tM-propidium iodide. Digitonin permeabilized the plasma membrane, allowing propidium iodide labelling of nuclei. Micrographs were taken under bright-field and epifluorescence optics by using rhodamine filters, and nucleated cells positive for propidium iodide fluorescence were scored for the presence or absence of carbon.
RESULTS

Continuous assessment of phagocytic activity in perfused liver
When carbon (1-2 mg/ml) was infused into the perfused liver, it appeared in the effluent perfusate in less than 1 min (Fig. lc) . The A623 increased steadily, and the rate of carbon uptake reached a steady state within 10 min. Approx. 30 % of carbon introduced was taken up by the liver. Carbon stimulated 02 uptake within 2-3 min from basal values of around 85 1tmol/h per g to 120 ,umol/h per g (Fig. la) . Subsequently, rates returned toward basal levels. Paralleling the stimulation of 02 uptake, a rapid but transient (peak in 2 min) increase in carbohydrate output (lactate + glucose + pyruvate) also occurred, which returned to basal values after about 15-20 min (Fig. lb) . In the example depicted in Fig. 1 Fig. 1 , into colloidal-carbon concentrations in the effluent perfusate. Rates of carbon uptake were calculated from the influent minus effluent colloidal-carbon concentration difference, the flow rate and the liver wet weight. The rate of carbon uptake increased with increasing colloidal carbon concentrations up to 3.5 mg/ml (Fig. 2) . Uptake was maximal at approx. 150 mg/h per g at colloidal concentrations above 3.5 mg/ml (half-maximal rates were observed at 0.5-1.0 mg of carbon/ml).
It is generally accepted that carbon is taken up in vivo as a function of phagocytosis by Kupffer cells (Triarhou & del Cerro, 1985; Matsuo et al., 1985; Di Luzio, 1970) ; therefore, we determined whether the same was true in the isolated organ. Histological sections of livers perfused for 40 min with 0.5 or 1.8 mg of carbon/ml exhibited no detectable carbon in parenchymal cells (Figs. 3b and 3c ). In contrast, non-parenchymal cells were clearly labelled after perfusion with as little as 0.5 mg of carbon/ml. The intensity of carbon staining rose with increasing rates of carbon uptake in non-parenchymal cells scored histologically (Table 1) . Further, carbon particles could be detected on Kupffer-cell processes by electron microscopy (Fig. 4) (Nolan, 1981; Di Luzio & Blickens, 1966; AlTuwaijri et al., 1981) . Thus, in order to modulate Kupffercell activity, rats were treated either with methyl palmitate for 4 consecutive days or with endotoxin 4 h before perfusion. Livers were then perfused by using the experimental design depicted in Fig. 1 (Casteleijn et al., 1988b,c) . Therefore, the new method of monitoring carbon uptake described above was used to study the effect of particle phagocytosis on carbohydrate output.
When carbon (2 mg/ml) was infused, a rapid but transient release of carbohydrates from the liver occurred which reached maximal values after 2 min and returned to baseline within 10 min (Figs. lb and Sb). Infusion of the cyclo-oxygenase inhibitor aspirin (10 mM) for 50 min caused a slow, sustained, decrease in carbohydrate output (Fig. Sd) (Wisse et al., 1972 (Wisse et al., , 1976 Nolan, 1981; Keppler et al., 1985) . Experimentally, particles can be injected into animals and detected after suitable time intervals by light or electron microscopy. Unfortunately, data collection is slow with such techniques, and only one data point can be obtained per animal. Here we describe a direct-read- Livers were perfused as in Fig. 1 and processed for electron microscopy as described in the Methods section. Note numerous small carbon particles on Kupffer-cell processes. Result is shown of a typical experiment. Bar = 1 um.
out method to overcome these difficulties. The advantage of this model is that information is immediately available on-line, allowing other variables to be tested simultaneously in a single organ. Other examples of direct- read-out techniques employing the isolated perfused rat liver include 02 uptake (Scholz et al., 1973) , fluorescence of nicotinamide nucleotides (Scholz et al., 1969 ) and fluorescence of model drug compounds (Ji et al., 1981) . With these techniques, it is easy to establish dose/ response relationships within a given organ.
One purpose of this study was to develop a directread-out method to monitor Kupffer-cell function continuously in a living organ, based on the uptake of colloidal carbon by the isolated perfused rat liver. Three 
